Background: Olomoucine II, the most recent derivative of roscovitine, is an exceptionally potent pharmacological inhibitor of cyclin-dependent kinase activities. Here, we report that olomoucine II is also an effective antiviral agent. Methods: Antiviral activities of olomoucine II were tested on a range of human viruses in in vitro assays that evaluated viral growth and replication.
Results: Olomoucine II inhibited replication of a broad range of wild-type human viruses, including herpes simplex virus, human adenovirus type-4 and human cytomegalovirus. Olomoucine II also inhibited replication of vaccinia virus and herpes simplex virus mutants
resistant to conventional acyclovir treatment. This report is the first demonstration of a poxvirus being sensitive to a cyclin-dependent kinase inhibitor. The antiviral effects of olomoucine II could be observed at lower concentrations than with roscovitine, although both were shortterm. A remarkable observation was that olomoucine II, when used in combination with the DNA polymerase inhibitor cidofovir, was able to almost completely eliminate the spread of infectious adenovirus type-4 progeny from infected cells. Conclusions: Our results show that when targeting two complementary antiviral mechanisms, strongly additive effects could be observed.
Many clinically useful antiviral drugs are nucleoside or nucleotide analogues that either directly or indirectly target viral DNA polymerases [1] . Despite their impressive safety record and efficacy, some nucleoside and nucleotide analogues exhibit significant toxicity and target active sites on virus-encoded kinases or DNA polymerases. Resistance to any antiviral agent that targets a specific virus-encoded function arises following virus mutation and can be rapidly selected in vivo. Because drug resistance and cross-resistance pose an increasing problem in disease management, the necessity to develop additional antiviral strategies is evident.
Cyclin-dependent kinases (CDKs) constitute a family of well conserved serine/threonine protein kinases that are active in complexes with their regulatory subunits, the cyclins [2] . The human genome encodes 13 CDKs, 48 CDK-related kinases and 25 cyclins [3, 4] . Different members of the CDK family have been implicated in a range of key cellular processes: CDK1, CDK2, CDK3, CDK4, CDK6 and CDK7 regulate the cell cycle, CDK7, CDK8 and CDK9 interact directly with transcription factors, CDK5 and CDK11 control neuronal functions, CDK2, CDK5, CDK6 and CDK9 are involved in cell differentiation and CDK1, CDK2, CDK4, CDK5, CDK6 and CDK11 affect apoptosis [5] . CDK functions are regulated by cyclins, CDK inhibitory proteins and subcellular localization. Because many CDKs are crucial regulators of cell division, pharmaceutical firms have been targeting the discovery and development of pharmacological CDK inhibitors (CDK-Is) as potential anticancer drugs [6] . CDK-Is are a diverse and heterogeneous family of small, flat heterocyclic purines, pyrimidines, flavonoids or bis-indoles that bind to the ATP binding pocket of their target CDK, where they can compete with the ATP [7] .
The earliest significant CDK-I was the CDK oligospecific olomoucine [8] (Figure 1 ) and the CDK panspecific flavopiridol [9] . Olomoucine belongs to C2-, N 6 -and N9-substituted adenines, which display high Introduction efficiency and selectivity towards some CDKs; olomoucine specifically inhibits CDK1, CDK2, CDK5 and, to a lesser extent, ERK1 [8] . With the specific objective of attaining enhanced inhibition of CDKs, olomoucine was subjected to structural modifications. A classical structure-activity relationship study directed at modifying olomoucine side chains generated two exceptionally potent CDK-Is: roscovitine (seliciclib; CYC202; Cyclacel Pharmaceuticals, Berkeley Heights, NJ, USA) and, more recently, olomoucine II [10, 11] (Figure 1 ). The increased potency of roscovitine over olomoucine is caused by the introduction of a branched C2 side chain and a more bulky N9-isopropyl moiety. These changes markedly increased the complementarity of the inhibitor to the ATP binding site of CDK2, as demonstrated by X-ray crystallography [7] . Both structural changes did not alter the selectivity of roscovitine, but increased cellular potency of roscovitine 10-fold towards CDK1 and CDK2, and 20-fold towards CDK5 [7] . Olomoucine II differs from roscovitine in having an additional ortho-hydroxyl group on the benzyl ring, yet this single modification is associated with a 10-fold higher inhibitory activity for CDK9 [12] . This increased affinity of olomoucine II towards CDK9 is responsible for its enhanced effect on intracellular functional activities when compared with roscovitine. For example, olomoucine II induces the nuclear accumulation and transcriptional activation of the tumour suppressor protein p53 at two to threefold lower concentrations than roscovitine [12] . At higher concentrations, both inhibitors may inhibit RNA synthesis by attenuating C-terminal domain phosphorylation of RNA polymerase II [13, 14] . The realization that roscovitine possessed antiviral activity stimulated research aimed at targeting cellular functions, exemplified by CDKs, required for virus replication [15] [16] [17] . Roscovitine, and other CDK-Is, have the ability to inhibit replication of a broad range of viruses, even in non-dividing cells and including agents that do not require cell cycle progression [1] . Human cytomegalovirus (HCMV), herpes simplex type-1 (HSV-1) and -2 (HSV-2), varicella zoster virus, Epstein-Barr virus, human adenovirus (Ad), HIV and human T-cell leukaemia virus are all susceptible to roscovitine [1] . Antiviral activities of CDK-Is correlate with the extent of CDK inhibition, rather than the core structure of the inhibitor [18] .
Although CDK-Is have been shown to inhibit multiple stages of viral replication, including splicing, DNA replication, reactivation from latency, activation of cellular or viral enzymes and intracellular trafficking, it is recognized that the antiviral activity of CDK-Is is primarily mediated by inhibiting virus-encoded transcription [18] [19] [20] [21] [22] [23] [24] . Interestingly, roscovitine can prevent initiation of viral transcription that is specific to viral genomes and independent of promoter elements [14, 25] . Flavopiridol is CDK pan-specific and inhibits the transcription of most cellular and viral genes, whereas roscovitine is CDK oligo-specific and appears not to inhibit the transcription of cellular genes [14, 26] . The selectivity of roscovitine in suppressing viral and plasmid-encoded gene expression resembles an activity described for interferon-α [27] . In this context, it is interesting to note that interferon-α also inhibits CDKs and promotes cell cycle arrest [28] [29] [30] .
The mechanisms by which CDK-Is suppress virus replication have not been fully defined and can be expected to differ between agents. Consequently, it is extremely important to compare and contrast the potential antiviral properties of roscovitine and olomoucine II empirically. Our previous studies have determined that olomoucine II was a more potent inhibitor of CDK activities than roscovitine [12] . We now report that olomoucine II inhibits virus replication at substantially lower concentrations than roscovitine. In addition, olomoucine II exhibited antiviral activity across a wider range of human viruses, including an orthopoxvirus, human adenovirus type-4 (Ad4), HSV-1, HSV-2 and HCMV. Furthermore, we demonstrate that olomoucine II and cidofovir exerted a strongly additive effect on Ad4-infected cells when these two drugs were used in combination.
Methods

Chemistry
Antiviral agents
Where indicated, the following antivirals were used: acyclovir (9-[(2-hydroxyethoxy)methyl]guanine;
Sigma-Aldrich, St Louis, MO, USA), cidofovir ((S)-1-[3-hydroxy-2-(phosphonylmethoxy)propyl]-cytosine;
Moravek, Biochemicals, Brea, CA, USA), iodo-deoxy-
Sigma-Aldrich) and chloroquine (N′- (7- 
were prepared according to published methods [11, 31] . The antivirals were used as indicated in text.
Virology
Cell culture Human fetal foreskin fibroblast (HFFF) cells, human lung carcinoma A549 epithelial cells, human B95a B-cells and Madin-Darby canine kidney (MDCK) epithelial cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat inactivated fetal bovine serum (FBS), 10 5 IU/ml penicillin and 100 µg/ml streptomycin. MDCK cells were obtained from the European Collection of Cell Cultures (Porton Down, UK) and B95a from IZSBS-Istituto Zooprofilattico Sperimentale (Brescia, Italy).
Infection and viruses
HSV-1 strain 17, HSV-1 strain 17 containing green fluorescent protein (GFP) in the thymidine kinase (TK) locus (HSV-1-deltaTK) and HSV-2 strain HG52 were all kindly provided by the Medical Research Council Virology Unit (Glasgow, UK). Herpesviruses were all propagated and titrated in HFFF cells. Vaccinia virus Western Reserve strain encoding influenza PB2 in the TK locus (VV; kindly provided by Geoffrey Smith (Imperial College, London, UK) [32] were propagated and titrated in HFFF cells. Ad4 strain RI-6 [33] was propagated and titrated in A549 cells. HCMV strain Toledo encoding GFP in the β2.7 locus [34] was propagated and titrated in HFFF cells. Measles virus (MV) wild-type strain WTFb was a gift from Jurgen Schneider-Schaulies (Wuerzbug, Germany). MV was propagated and titrated in B95a cells. MV titres were determined as syncytium-forming units (SFU). Influenza virus (IV) H1N1 strain A/PR/8/34, obtained from the European Collection of Animal Cell Cultures (Porton Down, UK), was propagated in the allantoic cavity of embryonated chicken eggs (strain 0; Institute for Animal Health, Compton, UK) at 35°C. Eggs were infected on day 6 and allantoic fluid was collected on day 10. IV titres were determined as haemagglutination (HA) units (HAU; inverse of log 2 end point dilution titre) by HA of chicken erythrocytes (Fiebig Naehrstofftechnik, Bad Kreuznach, Germany) and as infectious centre-forming units (ICFU) per ml of allantoic fluid. ICFU were determined in MDCK cells grown in 12-well plates (NUNC, Roskilde, Denmark) on 16 mm glass coverslips using a cocktail of directly fluorescein-isothiocyanate-labelled monoclonal antibodies against A-type influenza viruses (K6105 A reagent; DAKO, Glostrup, Denmark).
Plaque number reduction assays
The 50% inhibition concentrations (IC 50 ) were calculated using standard plaque number reduction assays. The IC 50 value was defined as the concentration of an antiviral that reduced the number of plaques by 50% relative to mock treatment without antiviral. Cells were grown in 25 cm 2 tissue culture flasks (Corning, Amsterdam, the Netherlands) until confluent, then infected with 100 plaque-forming units (PFU) of appropriate virus (HSV-1, HSV-1-deltaTK, HSV-2, VV, HCMV on HFFF cells and Ad4 on A549 cells) for 1 h in a 37°C CO 2 incubator on a rocking platform. Cells were then overlayed with medium containing 1% Avicel RC-591 (Camida Ltd, Tipperary, Ireland) [35] and the antiviral agent under test. Olomoucine II and roscovitine were typically tested at concentrations ranging from 0.04 µM to 20 µM. Where appropriate, acyclovir, cidofovir, iodo-deoxyuridine, chloroquine and ribavirin were used for comparison, and were applied over a range that included their reported peak IC 50 value. Infected cell monolayers were stained with Giemsa (Sigma-Aldrich) after 3 days (HSV-1, HSV-1-deltaTK, HSV-2 and VV) or 5 days (Ad4) and plaques were counted. For HCMV, after 7 days of incubation, cell monolayers were washed with phosphate-buffered saline (PBS) and green fluorescent foci were counted using a Leica DMIRBE microscope (Leica Microsystems, Milton Keynes, UK). The plaque counts were plotted and analysed using Cricket Graph software (Computer Associates Inc., Smithfield, Ireland).
To perform an MV syncytium reduction assay, B95a cells were grown in 24-well plates (NUNC) until 80% confluent. Cells were pretreated with medium containing the appropriate amount of antiviral for 30 min prior to infection. Each well was infected with 100 SFU of MV and incubated in DMEM without FBS or antibiotics containing no antivirals or antivirals at a range of concentrations for 24 h. Syncytia formations were assessed by phase contrast microscopy. The IC 50 values were defined as the concentration of antiviral that reduced the number of syncytia by 50% in comparison to cells infected in the absence of antiviral.
IV infectious centre reduction assays were performed in MDCK cells grown on 16 mm diameter glass cover slips in 12-well plates (NUNC) until 80% confluent. Cells were pretreated with medium containing the antiviral agent under test for 30 min prior to infection. Each well was infected with 100 ICFU of IV incubated in DMEM without FBS or antibiotics and containing no antivirals or with antivirals at a range of concentrations for 24 h. Cells were washed with PBS, fixed with 3% paraformaldehyde (Sigma-Aldrich), permeabilized with 1% Triton ×100 (Sigma-Aldrich) in PBS and stained with a cocktail of monoclonal antibodies against A-type influenza viruses (K6105 A reagent). ICFUs (green fluorescent cytoplasma and/or fluorescent nuclei) were quantitated using Axioplan epifluorescent microscope with Axiovision software (Carl Zeiss, Jena, Germany). IC 50 values were defined as the concentration of antiviral that reduced the number of infectious centres by 50% in comparison to cells infected in the absence of antiviral. The final IC 50 values for all virus/antiviral combinations are each a mean from four experiments.
The 50% cytotoxic concentrations (CC 50 ) were calculated using a WST-1 kit (Roche, Basel, Switzerland) according to the manufacturer's instructions. The CC 50 value was defined as the concentration of an antiviral that reduced the absorbance at 450 nm readout by 50% relative to mock treatment without antiviral. Apoptosis was determined as caspase-3/7 activity using Caspase-Glo 3/7 kit (G8090; Promega, Madison, WI, USA) according to the manufacturer's instructions.
Ad4 yield reduction assays
Confluent monolayers of A549 cells in 6-well tissue culture dishes were infected with 2,000 PFU/well of Ad4 for 1 h in a 37°C CO 2 incubator on a rocking platform. Cells were then rinsed and grown in medium containing 10 µM olomoucine II or 100 µM cidofovir or a cocktail of 10 µM olomoucine II and 100 µM cidofovir. The cells and media were separately harvested at 6, 12, 24, 48, 72 and 96 h after infection, then released virus and total virus (released and intracellular) yields in each sample were titrated using A549 cells.
Results
Inhibition of viral replication by olomoucine II and roscovitine
With the demonstration that olomoucine II was a more potent inhibitor of CDK activities than roscovitine [12] , it was clearly important to evaluate the relative capacity of these two CDK-Is to impair virus replication. Using plaque reduction assays, we compared the effect of olomoucine II on the replication of a panel of DNA (HSV, VV, Ad4 and HCMV) and RNA (MV and IV) viruses against a range of reference antiviral agents ( Table 1) . Olomoucine II inhibited the replication of most of the tested DNA viruses more effectively than roscovitine. Roscovitine did not inhibit either HSV-1 or HSV-2, whereas olomoucine II did, albeit with a higher IC 50 value than acyclovir. Acyclovir is a prodrug that becomes activated following phosphorylation by the virus-encoded TK. The HSV-1 TK deletion mutant remained sensitive to olomoucine II yet resistant to acyclovir (Table 1) . Although the sensitivities of HSV-1 and HSV-2 to acyclovir differed, their IC 50 values for olomoucine II were similar. Indeed, all the DNA viruses were inhibited at similar concentrations of olomoucine II, consistent with the drug targeting cellular (CDKs) rather than the specific virus-encoded functions. Vaccinia virus was inhibited equally with olomoucine II and iodo-deoxyuridine, whereas roscovitine exhibited no overt effect. Replication of VV had been previously thought not to require CDK functions, indeed it has been proposed that CDK-I may not be effective against such viruses [18] . To our knowledge, this is the first demonstration of a poxvirus being sensitive to a CDK-I. Both olomoucine II and roscovitine inhibited Ad4 replication and, interestingly, their IC 50 values were substantially lower than for cidofovir. Likewise, HCMV was equally sensitive to olomoucine II and roscovitine, albeit at molar doses higher than for cidofovir. Both CDK-Is proved ineffective against both of the RNA viruses (MV and IV) tested. The WST-1 assay was used to establish CC 50 values ( Table 2) . At the reported antiviral IC 50 levels (2.4-5.3 µM olomoucine II), no significant cytotoxicity was detected ( Figure 2 ). With further increase in olomoucine II concentration and prolonged exposure to the drug, cytotoxic effects became apparent in the fibroblasts (Figure 2 ). WST-1 assays measure the activity of mitochondrial dehydrogenases and do not discriminate between cytotoxic and cytostatic effects. This is illustrated in Figure 2 , where serum-deprived cells ( Figure  2F ) display similar activity as cells treated with 16 µM olomoucine II ( Figure 2C ). We therefore performed more extensive analysis of this effect. With higher doses of olomoucine II (15-50 µM), we detected caspase activation, an increase in annexin V and propidium iodide staining, and registered cell cycle block ( Figures 2G, 2H and 2I, and supplementary figures in Additional file 1), which indicated that olomoucine II at these concentrations had a cytotoxic effect on cells. In conclusion, we observed a clear antiviral effect of olomoucine II in the absence of any cytotoxicity (5 µM). The effect of increased doses of olomoucine II (15-50 µM) on cell viability/activity was complex but apparent; thus, limiting the selective index of the drug in fibroblasts in vitro.
Inhibition of adenovirus type-4 replication by olomoucine II and cidofovir
Olomoucine II had a profound effect on Ad4 replication, with a better IC 50 value than even cidofovir in a plaque reduction assay (Table 1) . Because olomoucine II and cidofovir act by distinct mechanisms, we wished to investigate whether the two antiviral agents would have an additive effect when used in combination. A growth curve of Ad4 was therefore performed in the presence of 10 µM olomoucine II, 100 µM cidofovir however, it was clear at later time points that the effect of olomoucine II diminished until at 96 h post-infection. Olomoucine II showed no overall effect on virus yield, whereas cidofovir inhibited the yield by 3 log. The combined effect of both drugs at 96 h post-infection showed a strong cumulative effect of 4 log. The titres of cell-associated ( Figure 3A) and extracellular virus (Figure 3B) were also analysed independently. The treatment of infected cells with olomoucine II considerably delayed the appearance of extracellular virus, which in turn would delay the onset of each round of replication and thus the appearance of plaques. The effect of adding cidofovir and olomoucine II in combination on the yield of extracellular virus was substantially greater than either agent in isolation ( Figure 3B ). This combination of the rapid effect of olomoucine II with the delayed but sustained effect of cidofovir greatly enhanced their capacity to inhibit Ad4 replication. No infectious virus could be detected in the culture medium until 72 h postinfection. At 96 h post-infection, the virus yield was still lower than the initial virus input (0 h), approximately 5 log decrease relative to no drug treatment.
Discussion
We showed that olomoucine II is a potent inhibitor of virus replication and, when compared directly, has increased efficacy over roscovitine. Olomoucine II has a higher affinity for CDK9 than roscovitine, although CDK2 and CDK7 are affected approximately to the same extent. By contrast, roscovitine is a stronger inhibitor of CDK1, CDK4 and ERK2 [12] . Transcription from DNA virus genomes is recognized to be more sensitive to the level of CDK9 activity than endogenous cellular transcription [36, 37] . CDK7 and CDK9 are general transcription factor subunits responsible for the transition from abortive to productive elongation, mediated through phosphorylation of the large subunit of RNA polymerase II. A study using step-by-step in vitro transcription in mammalian nuclear extracts has indicated that serine 5 is phosphorylated first in the initiation complex (likely by CDK7) and serine 2 is phosphorylated by CDK9 upon entry into elongation [38] . Both of the CDK-Is tested have been associated with the inhibition of CDK1/cyclin B, CDK2/cyclin E, CDK2/cyclin A and, to a lesser extent, CDK4/cyclin D [12] , which are all involved directly not only in the regulation of the cell cycle, but also with the inhibition of the non-cycled kinases CDK7/cyclin H and CDK9/cyclin T [39, 40] . Although antimicrobial agents have historically been targeted against specific microbial-encoded gene functions, most clinical drugs act on host functions. An obvious limitation of targeting a viral gene function is that resistance can emerge by virus mutation and can be rapidly selected for. Although a cellular target cannot readily develop resistance, a more specific concern with regards to developing olomoucine II as an antiviral agent is that most CDKs are essential in culture, and that cultured cells become irreversibly arrested when cell cycle progression is inhibited for prolonged periods. However, it has been shown that CDKs are functionally redundant in vivo [41] and that the application of CDK-Is in cancer trial studies has not been associated with toxicity [42] . The capacity of CDK-Is to selectively target expression from extrachromosomal genetic elements over endogenous functions encourages their therapeutic application as antiviral agents. Olomoucine II efficiently inhibited replication of a range of DNA viruses (HSV-1, HSV-2, VV, Ad4 and HCMV), but exerted no obvious effect on the two RNA viruses (MV and IV) tested. To our knowledge, this is the first report of a CDK-I suppressing the replication of a poxvirus. As VV replicates in the cytoplasm, this result was unexpected; however, VV is believed both to require nuclear functions and, more specifically, host cell RNA polymerase II functions for efficient late-phase gene expression [43] . Furthermore, more recent studies imply that VV mediates the regulation of CDKs and promotes cell cycle progression [44] . Although the Adenoviridae family are primarily a common cause of mild, self-limiting upper respiratory tract infections, they can cause severe respiratory distress, keratoconjunctivitis and life-threatening systemic infections in immunocompromised individuals [45] . A prophylactic live Ad4 oral vaccine has been administered by the US military for over 40 years to prevent outbreaks of acute respiratory disease. The nucleotide analogue cidofovir has exhibited efficacy in studies of patients [46, 47] and acts by inhibition of DNA replication and is thus effective during the late phase of infection. Although olomoucine II was effective in isolation, the combination of both olomoucine II and cidofovir proved strongly additive, and capable of a remarkably potent suppression of Ad4 replication and spread in culture. This result is consistent with the reported benefits of combining roscovitine and acyclovir to inhibit HSV-1 replication [18] .
From the differential effects of roscovitine and flavopiridol on transcription of HSV-1 or cellular genes, Diwan et al. [14] showed that kinases that were inhibited by flavopiridol were required for transcription in general, whereas the kinases that were efficiently inhibited by roscovitine were required for preinitiation or initiation of transcription and only from viral genomes. The CDK oligo-specific roscovitine is highly selective in that among 68 proteins tested to date, it inhibited only CDK1, CDK2, CDK5 and CDK7 with high potency and DYRK1a, ERK1 and ERK2 with lower potency [1] . Specific roscovitinesensitive kinases required for transcription from the viral genome were not identified, although CDK9 was proposed to be responsible for flavopiridol's effect on broad cellular and viral transcription [14] . It is now thought that because most of CDKs are redundant in their function, inhibition of any single one would be unlikely to have any major functional effect. This is reflected in a lack of enthusiasm towards monospecific CDK-I, whereas the oligo-specific CDK-Is are being looked at most favourably because of their reasonably well defined range of targets [1] . As the human genome encodes 518 potential protein kinases [4] and numerous other ATP-binding proteins, the anticipated combination of kinases specifically inhibited by roscovitine and olomoucine II may prove too complex to establish.
Regardless of the specifics of a mechanism, viral genome-specific inhibition of transcription is clearly an interesting property for an antiviral. An antiviral with such specific activity would likely be effective against a wide variety of viruses and consequently could be promptly used against any new viral strain that becomes resistant to conventional therapy or against completely novel viral pathogens. As the primary target for olomoucine II is likely to be a cellular function, generation of resistance could be problematical for the virus. Indeed, it is possible that there may be no mechanism available for the virus to generate resistance by mutation of a single gene. Indeed, no CDK-I-resistant virus strain has been reported yet, despite extensive efforts to generate one [17, 19] . The CDK-Is investigated here have both anti-tumour and antiviral activities. This could be beneficial for patients with nosocomial immunosupression, caused by oncotherapy, who suffer from exacerbated virus infections.
